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Edited by Judit Ova´diAbstract The trypanosomatid parasite Trypanosoma brucei
synthesizes fatty acids in the mitochondrion using the type II
fatty acid synthesis (FAS) machinery. When mitochondrial
FAS was characterized in T. brucei, all of the enzymatic compo-
nents were identiﬁed based on their homology to yeast mitochon-
drial FAS enzymes, except for 3-hydroxyacyl-ACP dehydratase.
Here we describe the characterization of T. brucei mitochondrial
3-hydroxyacyl-ACP dehydratase (TbHTD2), which was identi-
ﬁed by its similarity to the human mitochondrial dehydratase.
TbHTD2 can rescue the respiratory deﬁcient phenotype of the
yeast knock-out strain and restore the lipoic acid content, is
localized in the mitochondrion and exhibits hydratase 2 activity.
 2008 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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Trypanosoma brucei, parasite endemic to Sub-Saharan Afri-
ca, is the cause of sleeping sickness. T. brucei has a unique
microsomal elongase system to generate long chain fatty acids
from a butyryl-CoA (C4) primer [1]. In other eukaryotes, the
bulk of de novo fatty acid synthesis (FAS) occurs via a type
I fatty acid synthase in the cytosol, where multifunctional
polypeptide(s) provide the required enzyme activities; the
elongases in other eukaryotes are used only to extend long
chain fatty acids.
In contrast, separate enzymes in the bacterial type II FAS
pathway carry out the individual steps in synthesis. Recently,
a type II FAS pathway has also been found in eukaryotic mito-
chondria, and in yeast all enzyme components have been char-
acterized [2]. The signiﬁcance of this pathway in yeast is
underlined by the observation that inactivation of any gene
encoding a mitochondrial FAS proteins leads to loss of cyto-
chromes and a respiratory deﬁcient phenotype. One important
function of mitochondrial FAS in higher eukaryotes is the syn-
thesis of octanoic acid, the precursor of the lipoic acid [3], a
cofactor required by pyruvate dehydrogenase, a-ketoglutarate
dehydrogenase, the glycine cleavage complex, as well as*Corresponding author. Fax: +358 8 553 1141.
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dence suggesting that mitochondrial FAS also generates fatty
acids up to C14–C16 [3,5], but the physiological signiﬁcance
of their products remains to be demonstrated.
It was recently reported that mitochondria of T. brucei can
also synthesize fatty acids by a type II pathway [6]. Similar to
yeast and mammalian mitochondrial FAS, depletion of
T. brucei mitochondrial acyl carrier protein (ACP) leads to
reduced lipoic acid levels and decreased protein lipoylation.
In addition, RNAi depletion of ACP reduced cytochrome –
mediated respiration and aﬀected morphology, membrane
potential and phospholipid composition in T. brucei mito-
chondrion [7]. All of the components of mitochondrial
FAS, such as b-ketoacyl-ACP synthase, b-ketoacyl-ACP
reductase and enoyl-ACP reductase were described, but
3-hydroxyacyl-ACP dehydratase (HTD2) remained elusive.
Here we report identiﬁcation and characterization of mito-
chondrial HTD2 in T. brucei.2. Materials and methods
2.1. Plasmid construction and complementation in yeast
The T. brucei chromosome 8 clone RPCI93-29O9 containing the
open reading frame (ORF) Q580H9_9TRYP was received from the
Childrens Hospital and Research Center at Oakland, BACPAC
Resources, Oakland, CA, USA. The Q580H9_9TRYP ORF was
cloned into the Saccharomyces cerevisiae expression vector pYE352-
CTA1 [8], replacing the CTA1 open reading frame and resulting in
plasmid TbHTD2 + pYE352. Plasmids TbHTD2 + pYE352 and
Cta1 + pYE352 were transformed into the Dhtd2 BY4741 yeast strain
(EUROSCARF, Frankfurt, Germany) on SC-Ura with 2% glucose
(Sigma–Aldrich, Helsinki, Finland) as described [9]. The transformants
were moved to SC-plates with 3% glycerol and grown at 30 C for 4
days.
2.2. Localization using GFP-tagging
TbHTD2 was cloned into pLEW111-2T7GFP vector [10] resulting in
a plasmid encoding TbHTD2 with a C-terminal GFP tag. This con-
struct was transfected into strain 29-13 trypanosomes which were cul-
tured as described previously [10]. These parasites, a gift of Dr. G.
Cross, Rockefeller University, express T7 RNA polymerase and the
tetracycline repressor. Production of the GFP-tagged protein was in-
duced using tetracycline (4 lg/ml). To visualize the TbHTD2 fusion
protein and to test for mitochondrial localization, 1 · 107 cells were
harvested after 1 day of expression, incubated (10 min at 27 C) with
40 nM Mitotracker Red CMX-ROS (Molecular Probes, Eugene,
OR, USA), washed, and then resuspended in the original volume of
medium. Finally, they were incubated again (20 min at 27 C), washed
with 1 ml PBS, and resuspended in 0.5 ml PBS for live cell micros-
copy as previously described [10].blished by Elsevier B.V. All rights reserved.
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The lipoic acid content of yeast strains was monitored by a biologi-
cal assay described previously [11,12] using the lipoic acid deﬁcient
JRG33 lip9 Escherichia coli strain [13], with minor modiﬁcations to
the protocol. Yeast strains were grown in 50 ml of SCD media, and
acid hydrolysis was carried out in 0.5 ml 9 N H2SO4. JRG33 lip9 cul-
tures were inoculated to an initial OD600 of 0.015 in 2 ml of 1 · basal
growth medium [14] containing 50 mM sodium succinate and grown
for 36–48 h. The growth response of the strain was found to be linear
between 0.05 and 0.5 ng ml1 lipoic acid in the cultures.
2.4. TbHTD2 expression and protein puriﬁcation
TbHTD2 was produced as recombinant protein fused N-terminally
to maltose binding protein for hydratase 2 activity assays. The
TbHTD2 gene was cloned into pETMBP_1b (a gift from Gunter
Stier) resulting in plasmid TbHTD2 + pETMBP_1b. For protein
expression, the E. coli BL21(DE3)pLysS strain (Novagen, Darmstadt,
Germany) was transformed with the TbHTD2 + pETMBP_1b
plasmid, and bacterial cells were grown overnight in LB-medium sup-
plemented with 30 lg/ml kanamycin, 34 lg/ml chloramphenicol and
2% glucose at 37 C. A 10 ml aliquot of an overnight culture of
E. coli cells was used to inoculate one liter of culture in ZYM-5052
medium [15]. The cells were grown at 37 C under aerobic conditions
until OD600 of 0.4 was reached. The expression of the recombinant
protein was achieved by autoinduction at 20 C for 24 h. The cells
were harvested, washed with PBS, and stored at 70 C until further
use.
A bacterial cell pellet (17 g wet weight) was suspended in 170 ml of
20 mM Tris, 200 mM NaCl, 1 mM EDTA, 1 mM DTT, 1 mM ben-
zamidine hydrochloride hydrate (BA), 0.1 mM phenylmethylsulfonyl
ﬂuoride (PMSF) pH 7.4, and the cells were broken by sonication.
The mixture was centrifuged at 9000 · g for 30 min at 4 C, and the
supernatant was applied to a column containing amylose resin (6 ml,
New England Biolabs, Beverly, MA, USA) equilibrated with column
buﬀer (20 mM Tris, 200 mMNaCl, 1 mM EDTA pH 7.4). The column
was washed with column buﬀer and the bound proteins eluted with col-
umn buﬀer containing 10 mM maltose. The pooled fractions of
MBP + TbHTD2 were concentrated and applied to a size exclusion
chromatography column Superdex 200 HR 10/30 (Amersham Pharma-
cia Biotech AB, Uppsala, Sweden) equilibrated with gel ﬁltration buf-
fer (30 mM HEPES, 200 mM NaCl, 1 mM NaN3, pH 7.4). The
maltose binding protein was cleaved from the TbHTD2 by Tobacco
etch virus NIa Proteinase (TEV-protease) [16] at 4 C overnight in
the presence of 1 mM DTT. Both maltose binding protein and TEV-
protease were His-tagged and removed by incubation with Ni-NTA
(Qiagen, Hilden, Germany). The puriﬁcation was ﬁnalized by size
exclusion chromatography on a Superdex 200 HR 10/30 column with
gel ﬁltration buﬀer. The protein puriﬁcation steps were monitored by
SDS–PAGE.Fig. 1. Alignment of TbHTD2 to other known mitochondrial dehydratases.
human mitochondrial dehydratase D62 and H67 [19] are marked with aste
human (HsHTD2), mouse (MmHTD2), rat (RnHTD2), monkey (PpHTD
S. cerevisiae (ScHTD2). Black shading indicates strictly conserved residues,2.5. Activity assays
Hydratase 2 activity was measured using trans-2-C4,6,8,10-CoAs as
substrates as described [17]. Alternatively, hydratase 2 activity was
measured in the direction of hydration of trans-2-C12,14,16-CoAs to
(3R)-OH-C12,14,16-CoAs followed by NADH formation catalyzed by
recombinant (3R)-hydroxyacyl-CoA dehydrogenase [18]. NADH for-
mation was monitored spectrophotometrically in 50 mM Tris–Cl,
50 mM KCl, pH 8.0 buﬀer with equal molar ratio of fatty acid-free
BSA (Sigma–Aldrich). The kinetic parameters were calculated with
the GraFit5 computer software (Sigma).3. Results
During the characterization of human mitochondrial dehy-
dratase [19] our computational analysis indicated that the T.
brucei genome also contains a member of the MaoC family
of dehydratases, namely Q580H9_9TRYP. This 489 bp open
reading frame is on chromosome 8 and encodes a polypeptide
of 163 amino acids. This polypeptide exhibits 27% sequence
identity to human mitochondrial 3-hydroxyacyl-ACP dehydra-
tase (HsHTD2), and it contains the ‘‘hydratase-2’’ ﬁngerprint
[20] (Fig. 1). The MITOPROT II, mitochondrial-targeting pre-
diction program, indicated an 81% probability of mitochon-
drial localization [21]. The predicted size of the polypeptide
is 17.8 kDa, similar to bacterial dehydratases [22] and human
HTD2 [19].
Q580H9_9TRYP was cloned into the pYE352 vector, and
the ability of this construct to complement the respiratory deﬁ-
cient phenotype of the Dhtd2 yeast dehydratase knock-out
strain was tested on glycerol plates. The expression of this
open reading frame is suﬃcient to rescue growth of the yeast
Dhtd2 strain on non-fermentable carbon source (Fig. 2), sug-
gesting that Q580H9_9TRYP may encode the previously
unidentiﬁed T. brucei mitochondrial dehydratase, TbHTD2.
Because TbHTD2 + pYE352 complements the yeast Dhtd2
mutant and TbHTD2 is predicted to be mitochondrial, we rea-
soned that TbHTD2 would be localized in the simple tubular
mitochondrion of T. brucei. In fact, procyclic form trypano-
somes expressing TbHTD2 with C-terminal green ﬂuorescent
protein exhibited a clear GFP signal that co-localized with
Mitotracker Red staining (Fig. 3). 
  
  
  
  
  
  
  
 
The hydratase 2 motif is underlined [20] and the active site residues of
risks. The mitochondrial dehydratases are from T. brucei (TbHTD2),
2), dog (CfHTD2), frog (XtHTD2), zebra ﬁsh (DrHTD2) and yeast
while grey shading mark regions of less strict conservation.
Fig. 2. Complementation of the yeast Dhtd2 knock-out mutation by TbHTD2. Serial dilutions of BY4741 wild-type, Dhtd2 BY4741 and Dhtd2
BY4741 transformed with plasmids overexpressing full-length T. brucei HTD2 or Cta1p were cultured on (left) SC-2% glucose or (right) SC-3%
glycerol plates.
Fig. 3. Localization of TbHTD2 in PCF trypanosomes. The mitochondrial localization of TbHTD2 is conﬁrmed by the co-localization of the
HTD2-GFP fusion protein (left panel) with Mitotracker Red staining (right panel) within the same cell. The cell in the top left panel is a negative
control for mitochondrial auto-ﬂuorescence and bleed-through of Mitotracker staining.
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acid levels (Table 1). When the yeast mitochondrial dehydra-
tase deletion strain was transformed with a plasmid expressing
yeast Htd2p, the lipoic acid was restored to a level comparable
to that of wild type. Similarly, complementation of Dhtd2 by
TbHTD2 + pYE352 restored the amount of lipoic acid back
to the wild type level. This experiment indicates that T. brucei
mitochondrial dehydratase can functionally substitute for the
yeast Htd2p.
Puriﬁed TbHTD2 eluated from a size-exclusion column in
three separate peaks (at 71, 32 and 21 kDa, Fig. 4), while
SDS–PAGE analysis revealed a polypeptide around 18 kDa
(Fig. 4, gel inset), Thus, TbHTD2 was apparently present in
tetrameric, dimeric and monomeric forms. Only the tetrameric
form showed the hydratase 2 activity. The kcat and km values in
the (3R)-speciﬁc hydratase 2 activity of TbHTD2 were mea-
sured with trans-2-C4,6,8,10,12,14,16-CoA substrates (Table 2).Table 1
Amount of lipoic acid in yeast strains
Sample ng lipoic acid/g wet weight cells
Wt + Cta1p 167 ± 20
Dhtd2 + Cta1p 12.9 ± 2.6
Dhtd2 + TbHTD2 163 ± 22
Dhtd2 + Htd2p 177 ± 22
Fig. 4. Puriﬁcation of recombinant TbHTD2 and electrophoretical
analysis. The elution proﬁle of proteins containing 1.5 lg of protein
from Ni-NTA puriﬁcation applied to Superdex 200 HR 10/30. Puriﬁed
enzyme was electrophoresed on a 15% polyacrylamide gel and stained
with Coomassie Brilliant Blue. M Molecular size marker.
Table 2
The hydratase-2 activity of T. brucei mitochondrial dehydratase
kcat (s
1) km (lM) kcat/km (M
1 s1)
trans-2-C4-CoA 25.1 ± 3.6 109.7 ± 14.5 0.23 · 106
trans-2-C6-CoA 8.6 ± 2.0 29.8 ± 8.1 0.29 · 106
trans-2-C8-CoA 12.4 ± 1.4 11.1 ± 2.9 1.12 · 106
trans-2-C10-CoA 6.6 ± 1.7 4.4 ± 4.5 1.48 · 106
trans-2-C12-CoA
a 26.9 ± 3.1 45.8 ± 15.4 0.59 · 106
trans-2-C14-CoA
a 43.9 ± 21.0 ND ND
trans-2-C16-CoA
a ND ND ND
The values are means ± S.D. of four determinations.
ND: not detectable.
aMeasured as formation of NADH.While TbHTD2 showed the highest catalytic eﬃciency (kcat/
km) with trans-2-C10-CoA, the km value was the lowest with
this substrate. With trans-2-C14-CoA the enzymatic activity
was also detectable, but too low to allow the determination
of the km-value. The activity with trans-2-C16-CoA substrate
was below the detection limit of the assay system used.4. Discussion
This paper reports the characterization of the T. brucei
mitochondrial 3-hydroxyacyl-ACP dehydratase (HTD2).
TbHTD2 can rescue the respiratory deﬁcient phenotype of
the yeast mitochondrial dehydratase knock-out and mutant
strains and TbHTD2-GFP is shown to localize to the mito-
chondrion of T. brucei. In addition, when TbHTD2 was
expressed in the lipoic acid deﬁcient yeast Dhtd2 mitochon-
drial dehydratase mutant, it was able to restore lipoic acid lev-
els in this strain to wild type values, indicating that this
protein can function in the context of mitochondrial type II
FAS and support lipoic acid synthesis. As with yeast, the T.
brucei mitochondrial FAS has been implicated in lipoic acid
production [6].
We also conﬁrmed that TbHTD2 has hydratase-2 activity on
a range of chain length substrates up to trans-2-C14-CoA.
These results are in the line with ﬁnding that T. brucei mito-
chondrial FAS can produce fatty acids from C8 to C16 [6].
Interestingly, recombinant TbHTD2 exhibited the highest cat-
alytic eﬃciency (kcat/km) with the trans-2-C10-CoA substrate,
when the km value was also the lowest. While it is well estab-
lished that the octanoyl-ACP (C8) produced by this pathway
is used for lipoic acid production, the function and importance
of longer end products are not yet known.
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